Autophagy is an evolutionarily conserved biological process that degrades intracellular proteins and organelles including damaged mitochondria through the formation of autophagosome. We have previously demonstrated that pharmacological induction of autophagy by rapamycin protects against acetaminophen (APAP)-induced liver injury in mice. In contrast, in the present study, we found that mice with the liver-specific loss of Atg5, an essential autophagy gene, were resistant to APAP-induced liver injury. Hepatocyte-specific deletion of Atg5 resulted in mild liver injury characterized by increased apoptosis and compensatory hepatocyte proliferation. The lack of autophagy in the Atg5-deficient mouse livers was confirmed by increased p62 protein levels and the absence of LC3-lipidation as well as autophagosome formation. Analysis of histological and clinical chemistry parameters indicated that the Atg5 liver-specific knockout mice are resistant to APAP overdose (500 mg/kg). Further investigations revealed that the bioactivation of APAP is normal in Atg5 liverspecific knockout mice although they had lower CYP2E1 expression. There was an increased basal hepatic glutathione (GSH) content and a faster recovery of GSH after APAP treatment due to persistent activation of Nrf2, a transcriptional factor regulating drug detoxification and GSH synthesis gene expression. In addition, we found significantly higher hepatocyte proliferation in the livers of Atg5 liver-specific knockout mice. Taken together, our data suggest that persistent activation of Nrf2 and increased hepatocyte proliferation protect against APAPinduced liver injury in Atg5 liver-specific knockout mice.
Acetaminophen (APAP) overdose can cause liver injury and even liver failure in animals (Mitchell et al., 1973) and in humans (Larson et al., 2005) . APAP-induced liver injury involves the formation of a reactive metabolite (N-acetylp-benzoquinone imine, NAPQI), which depletes glutathione (GSH) and binds to cellular proteins (Mitchell et al., 1973) . Therefore, the intracellular GSH levels are a critical factor in the pathophysiology. In fact, one of the most effective antidotes against APAP hepatotoxicity is N-acetylcysteine (NAC), which acts as a prodrug for GSH synthesis (Corcoran et al., 1985) . In addition to the detoxification of NAPQI, GSH has also been shown to scavenge reactive oxygen species and peroxynitrite and support the mitochondrial energy metabolism (Knight et al., 2002) .
During the last decade, mitochondrial dysfunction and oxidant stress emerged as the most critical events in APAPmediated liver cell death (Jaeschke and Bajt, 2006; Jaeschke et al., 2003) . APAP overdose causes inhibition of the mitochondrial respiratory chain (Meyers et al., 1988) , selective mitochondrial reactive oxygen (Jaeschke, 1990 ) and peroxynitrite formation (Cover et al., 2005) , mitochondrial translocation of bax (Bajt et al., 2008) , and activated c-jun-N-terminal kinase (Hanawa et al., 2008) , which further promotes the mitochondrial oxidant stress (Saito et al., 2010) and eventually triggers the mitochondrial membrane permeability transition pore opening resulting in the collapse of the membrane potential and necrotic cell death (Kon et al., 2004) . As the extent of mitochondrial damage determines APAP-induced cell death, it is not unexpected that APAP overdose triggers autophagy as a defense mechanism to remove damaged mitochondria (Ni et al., 2012) . Most importantly, pharmacological stimulation of autophagy with rapamycin protects against APAP-induced hepatotoxicity (Ni et al., 2012) .
Macroautophagy (hereafter referred to as autophagy) is a process in which cytoplasmic components are degraded by the autolysosome. Autophagy is a tightly regulated and highly inducible process, which involves the formation of doublemembrane autophagosomes (Mizushima et al., 2008) . Autophagosomes enwrap cytoplasm and organelles and then fuse with lysosomes to form matured autolysosomes and degrade the enveloped contents. The formation of double membrane autophagosomes involves two ubiquitin-like conjugation systems including the formation of Atg12-Atg5-Atg16 complex, which is mediated by Atg7 (E1-like) and Atg10 (E2-like) proteins, and the conjugation of microtubule-associated protein light chain 3 (LC3), a mammalian homologue of yeast Atg8, with phosphatidylethanolamine (PE), which is mediated by Atg7 (E1-like) and Atg3 (E2-like) proteins. The PE-conjugated form of LC3 (LC3-II) translocates to the autophagosomal membrane and promotes the formation a double membrane autophagosome, whereas the unconjugated LC3 resides in the cytosol (LC3-I) . Systemic Atg5-or Atg7-knockout mice die after birth likely due to the lack of nutrients as a result of loss of autophagy during the neonatal period (Komatsu et al., 2005; Kuma et al., 2004) . Mice with the systemic mosaic deletion of Atg5, in which only 10-40% of cells have the deletion of Atg5, develop spontaneous benign tumors in the liver (Takamura et al., 2011) . Mice with liver-specific deletion of Atg7 develop severe hepatomegaly, with increased accumulation of ubiquitin and p62-positive aggregates and have developed benign liver tumors (Inami et al., 2011) . Moreover, it has also been suggested that increased p62 in the Atg7-deficient mouse liver leads to persistent activation of nuclear factor (erythroidderived 2)-like 2 (Nrf2) by releasing Kelch-like ECHassociated protein 1 (Keap1) from Nrf2, resulting in the nuclear translocation of Nrf2. Activation of Nrf2 increases the expression of many detoxification and antioxidant genes and paradoxically increases liver injury in the Atg7-deficient mouse liver (Komatsu et al., 2010) . Therefore, autophagy is generally thought to act as a survival mechanism in response to an adverse environment as well as a tumor suppressor (Mizushima et al., 2008) .
We and others have clearly demonstrated that APAP induces necrosis, but not apoptosis, in C57Bl/6 mouse liver, in primary cultured mouse hepatocytes, and in human HepRG cells expressing cytochrome P450 2E1 (CYP2E1) to metabolize APAP (McGill et al., 2011; Ni et al., 2012) . We also demonstrated that pharmacological induction of autophagy by rapamycin almost completely inhibits APAP-induced liver injury (Ni et al., 2012) . Therefore, our goal in the present study was to assess APAP-induced liver injury using a genetic autophagy-deficient mouse model.
MATERIALS AND METHODS
Antibodies. Antibodies used in the study were p62 (Abnova), b-actin (Sigma), Atg5, cleaved caspase-3, glyceraldehyde 3-phosphate dehydrogenase (Cell Signaling), NAD(P)H dehydrogenase quinone 1 (NQO1), CYP2E1 (Abcam), glutamate-cysteine ligase catalytic subunit (GCLC), and glutamatecysteine ligase modifier subunit (GCLM) were kindly provided by Dr Terry Kavanagh (University of Washington, Seattle, WA), proliferating cell nuclear antigen (PCNA) (Santa Cruz and Cell Signaling). The rabbit polyclonal anti-LC3 antibody was described previously (Ding et al., 2009) . The secondary antibodies used in this study were horseradish peroxidase (HRP)-conjugated goat anti-mouse or rabbit antibodies (Jackson ImmunoResearch).
Animal experiments. Atg5 Flox/Flox mice (C57BL/6/129) were generated by Dr N. Mizushima as described previously (Hara et al., 2006) and were crossed with Albumin-Cre mice (Alb-Cre, C57BL/6) (Jackson Laboratory). All animals received humane care. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Kansas Medical Center. Male Alb-Cre-positive Atg5 Flox/Flox mice and the Alb-Crenegative Atg5 Flox/Flox-matched littermates were given either saline (n ¼ 5, ip) or APAP (500 mg/kg) (n 3, ip). Mice were sacrificed at 0.5, 2, 6, and 24 h after APAP treatment. Liver injury was assessed by the determination of the serum alanine aminotransferase (ALT) activities and hematoxylin and eosin (HE) staining of liver sections as we described previously (Mei et al., 2011; Ni et al., 2012) . Caspase-3 activities were determined using fluorescent substrates Ac-DEVD-AFC (Biomol) as we described previously (Ding et al., 2004) . Total liver lysates were prepared using RIPA buffer (1% NP40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl [lauryl] sulfate).
Immunoblot assay. Twenty micrograms of liver lysates from each sample was separated by SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes. The membranes were stained with primary antibodies followed by secondary HRP-conjugated antibodies. The membranes were further developed with SuperSignal West Pico chemiluminescent substrate (Pierce).
Electron microscopy. For electron microscopy (EM), liver tissues were fixed with 2.5% glutaraldehyde in 0.1 mol/l phosphate buffer (pH 7.4), followed by 1% OsO 4 . After dehydration, thin sections were stained with uranyl acetate and lead citrate for observation under a JEM 1011CX electron microscope (JEOL, Peabody, MA). Images were acquired digitally. The average number of autophagosomes from each cell was determined from a randomly selected pool of 15-20 fields under each condition.
PCNA staining. Immunohistochemical detection of PCNA was done on paraffin-embedded liver tissue sections as previously described (Wolfe et al., 2011) .
Terminal deoxynucleotidyl transferase dUTP nick end labeling assay. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was performed with In Situ Cell Death Detection Kit from Roche following the manufacturer's instruction. Briefly, cryopreserved liver tissue sections were permeabilized with 0.1% Triton X-100 followed by staining in terminal deoxynucleotidyl transferase and fluorescein label solution mixture. Nuclei were stained with Hoechst 33342 (1 lg/ml).
Real-time PCR. RNA was isolated from mouse livers using TRIzol (Invitrogen) and reverse transcribed into complementary DNA by RevertAid Reverse Transcriptase (Fermentas). Real-time PCR was used to quantify Nrf2, Keap1, NQO1, GCLC, GCLM, and b-actin and performed on an Applied Biosystems Prism 7900HT Real-Time PCR instrument (ABI, Foster City, CA) using Maxima SYBR Green/Rox qPCR reagents (Fermentas). The sequences of the primers were as follows: b-actin forward: 5#-TGT TAC CAA CTG GGA CGA CA-3#, b-actin reverse: 5#-GGG GTG TTG AAG GTC TCA AA-3#; NQO1 forward: 5#-CAG ATC CTG GAA GGA TGG AA-3#, NQO1 reverse: 5#-TCT GGT TGT CAG CTG GAA TG-3#; GCLC forward: 5#-AAC ACA GAC CCA CAA ACC CAG AG-3#, GCLC reverse: 5#-CCG CAT CTT CTG GAA ATG TT-3#; GCLM forward: 5#-TGT GTG ATG CCA CCA GAT TT-3#, GCLM reverse: 5#-GAT GAT TCC CCT GCT CTT CA-3'; Nrf2 forward: 5#-CGA GAT ATA CGC AGG AGA GGT AAG A-3', Nrf2 reverse: 5#-GCT CGA CAA TGT TCT CCA GCT T-3#; Keap1 forward 5#-AAG GAA CAT GAT ATG CCC TGA CA-3#, Keap1 reverse: 5#-ACA CAG GCC GGC TCC AT-3#; tumor necrosis factor (TNF)-a forward: 5#-CGT CAG CCG ATT TGC TAT CT-3#, TNF-a reverse: 5#-CGG ACT CCG CAA AGT CTA AG-3'; IL-6 forward: 5#-ACA ACC ACG GCC TTC CCT ACT T-3#, IL-6 reverse: 5#-CAT TTC CAC GAT TTC CCA GAG A-3#.
Hepatic GSH content and APAP-protein adducts measurement. GSH was measured using a modified Tietze assay, as described (Jaeschke, 1990) . APAPcysteine (APAP-Cys) adducts were measured by high-pressure liquid chromatography with electrochemical detection according to the method of Muldrew et al. (2002) with minor differences. Namely, sample dialysis was replaced with a rapid gel-filtration method to remove free APAP and APAP-GSH prior to digestion and analysis. Protein levels were determined using a standard bicinchoninic acid assay, and adducts were normalized to total protein in the liver homogenates.
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Statistical analysis. Experimental data were subjected to Student's t-test or one-way ANOVA analysis with Scheffé's post hoc test where appropriate.
RESULTS

Loss of Atg5 in the Liver Leads to Hepatomegaly and Liver Injury
It has been previously reported that loss of Atg7 in the liver leads to hepatomegaly and liver injury when Atg7 was deleted by using Mx1Cre and ip injection of pIpC (Komatsu et al., 2005 (Komatsu et al., , 2010 . Similar to the loss of Atg7, here we found that loss of Atg5 in the liver by using Alb-Cre also led to hepatomegaly and liver injury. As can be seen, the liver to body weight ratio increased almost 50% in 1-month-old AlbCre-positive Atg5 Flox/Flox mice, and it was increased almost twofold in 2-month-old Alb-Cre-positive Atg5 Flox/Flox mice when compared with their wild-type littermates (Figs. 1A and 1C) . Histological examination of Alb-Cre-positive and -negative mouse livers showed increased apoptotic cells (Fig. 1B, arrows ) and the appearance of enlarged hepatocytes (megalocytosis) in Alb-Cre-positive mouse livers (Fig. 1B) . Moreover, serum ALT levels, a widely used marker to monitor liver injury, increased significantly in the Alb-Cre-positive Atg5 Flox/Flox mice, suggesting increased liver injury as a result of loss of Atg5 in the mouse liver (Fig. 1D ). Western blot analysis confirmed the deletion of Atg5, loss of PEconjugated LC3 form (LC3-II), as well as elevated p62 levels in Alb-Cre-positive Atg5 Flox/Flox mouse liver (Fig. 1E) , indicating the loss of autophagy in the mouse liver.
Atg5 Liver-Specific Knockout Mice Are Resistant to APAPInduced Liver Injury
We previously demonstrated that activation of autophagy by rapamycin suppresses APAP-induced hepatotoxicity in vitro and in vivo (Ni et al., 2012) . We thus hypothesized that APAP would increase liver injury in Atg5 liver-specific knockout mice. We found that APAP significantly increased serum ALT levels in Alb-Cre-negative Atg5 Flox/Flox mice after 6 and 24 h treatment, which is in agreement with previous reports ( Fig. 2A) (Ni et al., 2012; Saito et al., 2010) . The decreasing ALT levels after 24-h treatment with APAP compared with 6 h indicates that the injury process is completed well before 24 h. Although the ALT levels were already higher in control Atg5 liver-specific knockout mice (Alb-Cre-positive Atg5 Flox/Flox mice) compare with the matched wild-type littermates control, ALT levels remained almost the same level in Atg5 liverspecific knockout mice regardless of APAP treatment at all the time points that we assessed, which were remarkably lower than that of APAP-treated wild-type mice ( Fig. 2A) . Although the liver/body weight ratio was already higher in the nontreated Atg5 liver-specific knockout mice, there was no change in the liver/body weight ratio after APAP treatment in both Atg5 liver-specific knockout mice and matched wild-type mice (Fig. 2B ). Histological analysis revealed typical centrilobular necrosis as demonstrated by cellular vacuolization, cell swelling, and nuclear disintegration in APAP-treated wild-type mice liver (Fig. 2C , panels b and c, arrow). In contrast, necrotic cell death was almost undetectable in APAP-treated Atg5 liver-specific knockout mice. Interestingly, increased apoptotic cells were readily detected as demonstrated by the cell shrinkage and nuclear condensation in the control Atg5 liver-specific knockout mouse liver, and the apoptotic cell death nature was not altered after APAP treatment (Fig. 2C , panels d-f, arrow heads). We previously demonstrated that APAP-induced necrotic cells had increased DNA fragmentation as indicated by the TUNEL assay (Saito et al., 2010) . Indeed, we found that the number of TUNEL-positive cells was significantly increased in APAP-treated Alb-Cre-negative Atg5 Flox/Flox mice, and most of the TUNEL-positive cells were located in the centrilobular areas where most necrotic cells were found in HE-stained sections (Fig. 2D) . In contrast, although there was an increased basal level of TUNEL-positive cells in the Alb-Cre-positive Atg5 Flox/Flox mouse liver, which were not restricted to the centrilobular areas, no significant changes were observed after treatment with APAP for 6 h (Figs. 2D and 2E ). These results indicate that APAPinduced necrotic cell death was significantly blocked in mouse livers with loss of Atg5.
Defects of Autophagy and Increased Caspase-3 Activation in
Atg5 Liver-Specific Knockout Mice We next determined the effects of APAP on autophagy in both Alb-Cre-negative and -positive Atg5 Flox/Flox mice. APAP treatment increased the levels of LC3-II in Alb-Crenegative Atg5 Flox/Flox mouse liver (Fig. 3A) . As expected, no LC3-II proteins were detected in APAP-treated Alb-Crepositive Atg5 Flox/Flox mouse livers. Although the p62 levels were increased in Alb-Cre-positive Atg5 Flox/Flox mouse livers compared with Alb-Cre-negative Atg5 Flox/Flox mouse livers, APAP treatment did not further alter the p62 levels (Fig.  3A) . EM studies revealed that autophagosome structures were readily detected in the hepatocytes of APAP-treated Alb-Crenegative Atg5 Flox/Flox mouse livers (Fig. 3B, panel b,  arrows) , which is consistent with our previous report (Ni et al., 2012) . However, no typical autophagosomal structures were detected in the hepatocytes of Alb-Cre-positive Atg5 Flox/Flox mouse livers either with or without APAP treatment (Fig. 3B , panels c and d). Similar to the Atg7 liver-specific knockout mice (Komatsu et al., 2005) , many aberrant multimembrane structures, which often surrounded multiple number of lipid droplets, were readily detected in Alb-Cre-positive Atg5 Flox/ Flox mouse liver, which were not further altered by APAP treatment (Fig. 3B , panels c-f). These aberrant multimembrane structures likely originated from the smooth or rough endoplasmic reticulum. We also found that caspase-3 was activated in Alb-Cre-positive Atg5 Flox/Flox mouse liver which was slightly increased by APAP treatment but not statistically significant (Figs. 3C and 3D ), these results were in agreement with the increased basal apoptosis in Alb-Crepositive Atg5 Flox/Flox mouse liver from HE and TUNEL staining assays (Figs. 2C and 2D ). In contrast, there was no caspase activation in APAP-treated Alb-Cre-negative Atg5 Flox/Flox mouse liver, which is in line with the necrotic cell death nature in wild-type mice as we previously reported (Ni et al., 2012; Saito et al., 2010) . a change in the hepatic GSH content in Alb-Cre-positive Atg5 Flox/Flox mouse livers. Indeed, we found that several Nrf2 target genes including NQO1, GCLM, and GCLC were increased both in messenger RNA (mRNA) and protein levels in Alb-Cre-positive Atg5 Flox/Flox mouse livers, whereas there was no difference in hepatic mRNA expression of Nrf2 and Keap1 between Alb-Cre-positive and -negative Atg5 Flox/ Flox mouse livers (Figs. 4A and 4B) . Interestingly, we also found that the expression of CYP2E1 was significantly lower in Alb-Cre-positive Atg5 Flox/Flox mouse livers compared with Alb-Cre-negative Atg5 Flox/Flox mouse livers although the mechanisms behind this was not clear (Fig. 4B) . It is known that metabolism of APAP results in a rapid loss of hepatic GSH content, and CYP2E1 plays an important role in APAP metabolism. We next determined hepatic GSH levels in these mice and found that the basal hepatic GSH content in the ), and total liver lysates were subjected to Western blot analysis for cleaved caspase-3 and (D) for caspase-3 activity assay as described in the Materials and Methods section. Data are presented as means ± SE (n 3). *p < 0.05. One-way ANOVA analysis with Scheffé's post hoc test. ns, no statistical significance.
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untreated Alb-Cre-positive Atg5 Flox/Flox mice was significantly higher than that of Alb-Cre-negative Atg5 Flox/Flox mice (Fig. 4C) . At 0.5 h after administration of APAP, the hepatic GSH content was depleted by 50% in both Alb-Crepositive and Alb-Cre-negative Atg5 Flox/Flox mice (Fig. 4C) . In fact, the loss of GSH (as measure of reactive metabolite formation) was more extensive in the Alb-Cre-positive Atg5 Flox/Flox mice suggesting that despite reduced Cyp2E1 protein levels NAPQI is being formed at the same or even higher rate as in control animals. APAP administration reduced GSH levels to 0.4 lmol/g liver in Alb-Cre-negative Atg5 Flox/ Flox mice at 2 h followed by a moderate recovery at 6 h (Fig.  4C) . In contrast, in Alb-Cre-positive Atg5 Flox/Flox mice, GSH levels were depleted to 1.8 lmol/g liver at 2 h followed by a further recovery at 6 h (Fig. 4C) . Although APAP caused an extensive reduction of the hepatic GSH content in Alb-Crepositive Atg5 Flox/Flox mice, the tissue GSH levels did not reach the same low levels and recovered faster than in Alb-Crenegative Atg5 Flox/Flox mice. As a consequence of the higher hepatic GSH levels and thus improved detoxification capacity in Alb-Cre-positive Atg5 Flox/Flox mice, the protein adduct levels in these animals were significantly lower at 2 and 6 h after APAP compared with Alb-Cre-negative Atg5 Flox/Flox mice (Fig. 4D) .
To investigate whether the higher basal GSH levels or the faster recovery of the GSH contents determines the resistance against APAP-induced liver injury in Alb-Cre-positive Atg5 Flox/Flox mice, animals were treated with phorone to reduce the GSH contents (Jaeschke et al., 1987) . After 2 h pretreatment with phorone, mice were treated with APAP for another 6 h. We found that although GSH contents in Alb-Crepositive Atg5 Flox/Flox mice were reduced to a level almost identical to the Alb-Cre-negative Atg5 Flox/Flox mice (Fig.  4E) , phorone plus APAP treatment neither further increased FIG. 4 . Loss of Atg5 leads to persistent activation of Nrf2 and increased basal hepatic GSH contents and GSH recovery in the mouse liver. (A) Two-monthold male Cre-negative and Cre-positive Atg5 Flox/Flox mice were injected with saline or APAP (500 mg/kg) for 6 h. Hepatic mRNA was isolated, and real-time reverse transcriptase-PCR was performed as described in the Materials and Methods section. Data are presented as means ± SE (n ¼ 3). *p < 0.05. One-way ANOVA analysis with Scheffé's post hoc test. (B) Mice were treated as in (A), and total liver lysates were subjected to Western blot analysis for NQO1, GCLM, GCLC, and Cyp2E1. (C and D) Mice were treated as in (A), and total hepatic GSH contents (C) and APAP-protein adducts (D) were determined. Data are presented as means ± SE (n ¼ 3-6). *p < 0.05. One-way ANOVA analysis with Scheffé's post hoc test. (E) Two-month-old Cre-negative and Cre-positive Atg5 Flox/Flox mice were injected with corn oil or phorone (100 mg/kg) for 2 h, and hepatic GSH contents were determined. Data are presented as means ± SE (n ¼ 3). Mice were pretreated with corn oil or phorone (100 mg/kg) for 2 h followed by treatment either with saline or APAP (500 mg/kg) for another 6 h, and serum ALT levels (F) were determined, representative HE staining images (G) are shown (squared area is enlarged showing an apoptotic cell), and hepatic GSH contents (H) were determined. Data are presented as means ± SE (n ¼ 3-6). *p < 0.05. One-way ANOVA analysis with Scheffé's post hoc test. 444 serum ALT levels nor altered the liver histology changes. Apoptotic cells but no centrilobular necrosis were detected, which was similar to APAP alone-treated Alb-Cre-positive Atg5 Flox/Flox mice (Fig. 4F-G) . Furthermore, phorone pretreatment did not affect the GSH recovery after 6 h treatment with APAP in Alb-Cre-positive Atg5 Flox/Flox mice (Fig. 4H) . In addition, the GSH contents in phorone-treated Alb-Cre-positive Atg5 Flox/Flox mice were completely recovered after 8 h (Fig. 4H) . Thus, these data suggest that the fast recovery of GSH contents due to the high levels of GSH synthesis enzymes rather than the basal high level of GSH contents in Alb-Cre-positive Atg5 Flox/Flox mice seems play a role in the reduced liver injury in APAP-treated Alb-Crepositive Atg5 Flox/Flox mice.
Increased Hepatocyte Proliferation in Alb-Cre-Positive Atg5
Flox/Flox Mouse Livers
In response to liver injury, liver has the capacity to regenerate and repair the injury by compensatory hepatocytes proliferation (Michalopoulos and DeFrances, 1997) . Because we observed increased apoptosis in the Alb-Cre-positive Atg5 Flox/Flox mouse liver, we next determined hepatocyte proliferation by using immunostaining and immunoblotting for the cell proliferation marker PCNA. Results from the immunostaining revealed that few PCNA-positive cells were detected in Alb-Cre-negative Atg5 Flox/Flox mouse livers after treatment with either saline or APAP for 6 h. In contrast, PCNA-positive cells were readily detected and increased significantly in AlbCre-positive Atg5 Flox/Flox mouse liver compared with AlbCre-negative Atg5 Flox/Flox mouse (Figs. 5A and 5B), indicating increased hepatocyte proliferation in the mouse livers that have the loss of Atg5. The increased hepatocyte proliferation in the Alb-Cre-positive Atg5 Flox/Flox mouse liver was not altered after APAP treatment for 6 h but was further increased after APAP treatment for 24 h (Figs. 5A and 5B). After treatment with APAP for 24 h, the number of PCNA-positive cells was also increased in Cre-negative Atg5 Flox/Flox mouse livers. These results were further confirmed by the increased protein levels of PCNA in the Alb-Crepositive Atg5 Flox/Flox mouse livers (Fig. 5C ). We next determined the expression levels of hepatic TNF-a and IL-6 because both cytokines have been implicated in hepatocyte proliferation and liver regeneration. We found that the hepatic mRNA level of TNF-a was almost 10-fold higher, and IL-6 was about twofold higher in the Alb-Cre-positive Atg5 Flox/ Flox mouse livers compared with Alb-Cre-negative Atg5 Flox/ Flox mouse livers. After APAP treatment, hepatic mRNA levels of TNF-a and IL-6 were further increased in Alb-Crepositive Atg5 Flox/Flox mouse (Fig. 5D) . Taken together, these data suggest that increased hepatocyte proliferation may contribute to the attenuation of APAP-induced liver injury.
DISCUSSION
It has been shown that autophagy protects against cell death by providing nutrients and removing damaged organelles as well as toxic protein aggregates (Mizushima et al., 2008) . We have previously demonstrated that pharmacological induction of autophagy can protect against APAP-induced liver injury (Ni et al., 2012) . To our surprise, in the present study, we found that liver-specific Atg5-knockout mice are not more susceptible to APAP-induced liver injury although they already have a higher basal level of apoptosis and mild liver injury. In contrast, liverspecific Atg5-knockout mice are strikingly more resistant to APAP-induced liver injury compared with the matched wildtype mice. The lack of the formation of LC3-PE-conjugated form (LC3-II) and autophagosomes as well as increased p62 protein levels indicate the defects of autophagy in the liver of the mice with the loss of Atg5. The resistance to APAP-induced liver injury in the liver-specific Atg5-knockout mice is likely due to the faster resynthesis of hepatic GSH following APAP administration as a result of persistent activation of Nrf2 as well as compensatory hepatocytes proliferation.
Induction of centrilobular hepatic necrosis has been well documented in APAP overdose-induced liver injury (Hinson et al., 2010; Jaeschke and Bajt, 2006) . After a therapeutic dose, a large portion of APAP is directly conjugated with glucuronic acid or sulfate through glucuronyl transferase or sulfotransferase and excreted into bile or blood, respectively (Hinson et al., 2010; Jaeschke and Bajt, 2006) . The remaining part of the dose is metabolized by the hepatic P450 system to generate the reactive NAPQI. After an overdose, the increased NAPQI reacts with GSH to deplete intracellular GSH and thus increases oxidative stress (Jaeschke, 1990; Jaeschke and Bajt, 2006) . Once GSH is depleted, NAPQI binds to many cellular and mitochondrial proteins to form protein adducts (Jaeschke and Bajt, 2006) . Depletion of intracellular GSH and increased protein adducts (in particular mitochondrial protein adducts) leads to mitochondrial damage and decrease of cellular ATP levels, which have been thought to be the major mechanisms for APAP-induced necrosis (Hinson et al., 2010; Jaeschke and Bajt, 2006) . It is interesting to note that APAP-induced mitochondrial damage and mitochondrial permeability transition also resulted in the release of cytochrome c and apoptosisinducing factor from mitochondria, a key event that triggers caspase activation and apoptosis in most scenarios (Jaeschke and Bajt, 2006) . However, no convincing evidence has been presented to show the involvement of caspase and apoptosis in the livers of APAP-treated mice (Jaeschke and Bajt, 2006) . One possible explanation for the lack of caspase activation in the livers of APAP-treated mice is the APAP-induced depletion of cellular ATP because ATP is required for the activation of caspase (Jaeschke and Bajt, 2006) . Although preventing APAP-induced necrosis and enhancing ATP levels by glycine and fructose eventually triggered apoptosis in cultured hepatocytes (Kon et al., 2004) , the concept that declining ATP levels is the reason for lack of apoptosis could not be confirmed in vivo (Williams et al., 2011) .
Autophagy and cell death are intimately connected, although the relationship between autophagy and cell death has been hotly debated recently. However, there are numerous conditions, in which autophagy acts as a cell survival process. Genetic deletion of key autophagy genes, such as Atg3, Atg5 and Atg7, all result in premature death of newborn mice (Mizushima, 2011) . Liver-specific knockout Atg7 leads to severe liver injury (Komatsu et al., 2010) although the cell death nature in these mice was not known. In the present study, we found increased caspase activation and apoptosis in the livers of Atg5-knockout mice (Fig. 2) , suggesting that liver injury in the autophagy-deficient mouse livers could be due to increased apoptosis. At the cellular level, pharmacological inhibition of autophagy or siRNA knockdown of essential autophagy genes all lead to more apoptotic cell death when cells are deprived of growth factors or other stresses (Ding et al., 2007; Lum et al., 2005) . Moreover, we recently found that activation of autophagy can also protect against APAPinduced necrosis (Ni et al., 2012) . Thus, it is clear that 446 autophagy can serve as a protective mechanism against both apoptosis and necrosis. However, in some circumstances, autophagy seems to promote cell death, termed autophagic cell death (Shimizu et al., 2004) . We do not think that APAP caused autophagic cell death because activation of autophagy by rapamycin suppresses APAP-induced liver injury (Ni et al., 2012) . The decreased liver injury in APAP-treated mouse livers with the loss of Atg5 is not directly due to the lack of autophagy but rather due to the secondary compensatory effects (see below).
It should be noted that although autophagy can regulate cell death, apoptosis in particular can also affect autophagic processes. Caspase activation can suppress autophagy by the cleavage of Beclin 1 (Mei et al., 2011) , an essential autophagy gene in the regulation of the autophagy induction. Therefore, autophagy, apoptosis, and necrosis are intimately connected, and it seems in most cases that autophagy can protect against apoptosis and necrosis, whereas apoptosis can inhibit autophagy.
We have previously reported that pharmacological inhibition of lysosomal degradation by chloroquine exacerbated, whereas induction of autophagy by rapamycin almost completely inhibited, APAP-induced liver injury (Ni et al., 2012) . This seems paradoxical because if autophagy can protect against cell death, why would the mice with liver-specific deletion of Atg5 be more resistant to APAP-induced liver injury? However, genetic knockout of Atg5 in the mouse liver is a chronic process that may result in cellular compensatory responses. Indeed, knockout of Atg7 in the mouse liver leads to hepatomegaly and persistent activation of Nrf2 due to the accumulation of p62, a protein that is normally degraded by autophagy (Komatsu et al., 2010) . We found similar results in the mice with the liverspecific deletion of Atg5, suggesting that hepatomegaly and activation of Nrf2 could be general phenomena during chronic suppression of autophagy in the liver. It has been shown that Nrf2-knockout mice are more susceptible, whereas liver-specific Keap1-knockout mice, which have persistent activation of Nrf2, are more resistant to APAP-induced liver injury (Reisman et al., 2009) . Nrf2 is a transcription factor critical for protection against electrophilic and oxidative stress by regulating the expression of many cytoprotective genes, such as NQO1, GCLC, and GCLM. Both GCLC and GCLM are key enzymes that regulate hepatic GSH synthesis. Indeed, we found that both enzymes were highly upregulated in the mouse livers that had the loss of Atg5. As a result, we found a higher basal GSH content in these mice and a higher recovery rate of GSH in Atg5-deficient mouse livers than that of wild-type animals. However, when the basal GSH content was reduced to the same level as in wild-type animals, APAP still did not cause any injury, suggesting that the protection was not dependent on the initially higher GSH levels. Moreover, we also found that the decreased Cyp2E1 expression did not affect the bioactivation of APAP in Atg5-deficient mouse livers based on the observation that the loss of GSH during the first 30 min after treatment as a marker for metabolic activation was not attenuated in Atg5-deficient mice. This indicates that either the lower level of Cyp2E1 is sufficient or other P450 enzymes may be involved in the metabolism of APAP in Atg5-deficient mouse liver. However, given the fact that Atg5-deficient mice showed lower levels of protein adducts, the data are consistent with the hypothesis that the higher rates of GSH synthesis prevented complete GSH depletion, attenuated protein binding, and ultimately eliminated the initiation of the intracellular signaling cascade leading to cell necrosis. Taken together, the faster recovery rate of GSH in Atg5-deficient mouse liver as a result of persistent activation of Nrf2 may be an important mechanism against APAP-induced liver injury.
A recent paper by Igusa et al. (2012) reported that APAP treatment enhanced of liver injury in Atg7-deficient mice by induction of apoptosis. Deletion of Atg7 was achieved by treatment with poly(inosinic acid)-poly(cytidylic acid) (pIpC). pIpC can first inhibit and later induce P450 enzyme activities and affect APAP bioactivation and hepatotoxicity (Kalabis and Wells, 1990) . Because the bioactivation of APAP was not assessed in that study, the mechanisms for the increased liver injury in APAP-treated Atg7-deficient mice were not clear. Moreover, the persistent activation of Nrf2 and its role in APAP-induced liver injury in the Atg7-deficient mice were also not determined in that study. Because of the increasing interests in autophagy research and the use of autophagy gene knockout mice, our results indicate that caution must be taken when using these mice to assess APAP hepatotoxicity because the compensatory events needs to be taken into consideration for the data interpretation.
The liver is a unique organ that has a remarkable capacity to regenerate after injury. The necrotic cells induced by APAP exposure can be replaced by the proliferating hepatocytes, and it has been found that the most extensively proliferating hepatocytes are located in the transition zone between necrotic and healthy cells . Although the regeneration process is very complicated, it has been suggested that the priming of hepatocytes by cytokines, such as TNF-a and IL-6, makes the hepatocytes more responsive to growth factors and encourages proliferation. After APAP treatment, liver regeneration was impaired in IL-6-knockout and in TNF receptor type I-knockout mice (Chiu et al., 2003; James et al., 2003) . In this study, we found that the basal levels of TNF-a and IL-6 in the mouse livers with the loss of Atg5 are significantly higher than that of the wild-type mice. Moreover, the cell cycle proteins, such as cyclin D and cyclin E, were also elevated in the mouse livers with the loss of Atg5 (Ni and Ding, unpublished data) . All these factors may contribute to the increased hepatocyte proliferation in mouse livers with loss of Atg5, which may also attenuate APAP-induced liver injury by increasing the capacity of liver repair.
In conclusion, we have demonstrated that mice with the liver-specific loss of Atg5 are more resistant to APAP-induced liver injury. The striking resistance to APAP-induced liver injury is likely due to the persistent activation of Nrf2 and AUTOPHAGY-DEFICIENT MICE ARE RESISTANT TO APAP-INDUCED HEPATOTOXICITY 447 increased hepatocyte proliferation. The cellular and molecular events regulating necrosis, apoptosis, and autophagy in the liver-specific Atg5-knockout mice after exposure to APAP are summarized in Figure 6 . FIG. 6 . A proposed model for the loss of Atg5 in the mouse liver and the cross talk among autophagy, apoptosis, and necrosis in APAP-induced liver injury. In APAP-treated hepatocytes, APAP is first metabolized through the cytochrome P450 enzymes (mainly via CYP2E1) and generates reactive metabolites that bind to cellular and mitochondrial proteins to initiate mitochondrial damage. Damaged mitochondria can lead to necrotic cell death by inducing onset of mitochondria permeability transition (MPT) and reactive oxygen species (ROS) production. Genetic deletion of Atg5 in the mouse liver leads to the suppression of autophagy and accumulation of p62. Increased p62 proteins results in persistent activation of Nrf2 in the mouse liver by releasing the inhibition of Keap1 on Nrf2. Persistent activation of Nrf2 increases the expression of GSH synthesis enzymes, resulting in the increased recovery of GSH content in the mouse liver that further scavenges NAPQI and ROS to protect against APAP-induced liver injury. Loss of autophagy may increase the baseline hepatocytes apoptosis in the mouse liver resulting in compensatory proliferation, which may also attenuate APAP-induced liver injury by promoting liver repair and regeneration.
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